ABSTRACT A putative advantage of allopolyploidy is the possibility of differential selection of duplicated (homeologous) genes originating from two different progenitor genomes. In this note we explore this hypothesis using a high throughput, SNP-specific microarray technology applied to seed trichomes (cotton) harvested from three developmental time points in wild and modern accessions of two independently domesticated cotton species, Gossypium hirsutum and G. barbadense. We show that homeolog expression ratios are dynamic both developmentally and over the several-thousand-year period encompassed by domestication and crop improvement, and that domestication increased the modulation of homeologous gene expression. In both species, D-genome expression was preferentially enhanced under human selection pressure, but for nonoverlapping sets of genes for the two independent domestication events. Our data suggest that human selection may have operated on different components of the fiber developmental genetic program in G. hirsutum and G. barbadense, leading to convergent rather than parallel genetic alterations and resulting morphology.
G
OSSYPIUM seed trichomes, colloquially termed ''cotton fiber,'' compose the foundation of the world's most important textile fiber and also represent one of the most distinct cell types in the plant kingdom (Kim and Triplett 2001) . The long, strong, and fine fibers of modern cotton cultivars were generated through a long history of natural and human-mediated selection (Brubaker et al. 1999; Wendel and Cronn 2003) . Wild diploid species usually have short (mostly ,5 mm), coarse, and tightly adherent trichomes that would not be recognized visually as ''cotton.'' Longer, ultimately spinable fibers evolved in the ancestors of the modern A-genome diploids (Applequist et al. 2001; Hovav et al. 2008b) , and a second level of morphological innovation was precipitated by polyploid formation. The latter entailed transoceanic dispersal of an A-genome species to the New World, hybridization between the immigrant A-genome species and a native D-genome species (Endrizzi et al. 1985; Wendel 1995) , and genome doubling. This event is thought to have occurred 1-2 MYA (Wendel and Cronn 2003) and led to the evolution of the five wild allotetraploid species that occur in seasonally arid regions of the American tropics and subtropics (Fryxell 1979) .
Superimposed on these natural events were later innovations caused by human domestication. Remarkably, four wild Gossypium species were independently domesticated by aboriginal domesticators $5000 years ago and transformed into fiber and oilseed plants (Wendel 1995; Dillehay et al. 2007) . Two of these (Gossypium arboreum L. and G. herbaceum L.) are A-genome diploids from the Old World, whereas the other two, G. hirsutum L. (the source of ''Upland'' cotton) and G. barbadense L. (the source of ''Pima'' or ''Egyptian'' cotton), are ADgenome allotetraploids. Both allotetraploid species have large indigenous ranges (wild ranges, expanded by thousands of years of human-mediated, pre-Colombian geographic diffusion), with G. hirsutum predominantly distributed in Mesoamerica and the Caribbean and G. barbadense having a more southerly distribution in South America and the Caribbean (Brubaker and Wendel 1994; Brubaker et al. 1999) . Previous studies that included RFLP data in conjunction with morphological and anthropological information suggested the Yucatan peninsula as the primary site of earliest G. hirsutum domestication (Brubaker and Wendel 1994) . Agronomically advanced forms developed in southern Mexico and Guatemala appear to have been derived from these wild Yucatan peninsular forms, creating a secondary center of diversity. In a parallel way, archeological (Dillehay et al. 2007 ) and molecular (Percy and Wendel 1990; Westengen et al. 2005) evidence indicate that G. barbadense was first domesticated on the western slopes of the northern Peruvian Andes, with subsequent diffusion pathways into regions east of the Andes and the Caribbean. In post-Colombian times, both G. hirsutum and G. barbadense were further dispersed globally, and cultivars derived from these two allotetraploid species now dominate world cotton commerce. Domestication and breeding of both allotetraploid cottons has resulted in yield and quality levels superior to those achieved by parallel development of the Agenome diploid cottons. Evidence suggests that the ultimate agricultural dominance of allotetraploid cultivated species is directly related to the biological reunion of the two diverged diploid genomes (A and D), which by virtue of genomewide gene duplication permitted the evolution of novel and agronomically important fiber traits ( Jiang et al. 1998; Rong et al. 2007) . The merger of two differentiated genomes in a common nucleus is accompanied by myriad genomic alterations and gene expression changes (Wendel 2000; Liu and Wendel 2003; Osborn 2004; Adams and Wendel 2005; Chen 2007; Chen et al. 2007; Gaeta et al. 2007) and is thought to provide the raw material for the origin of morphological novelty, adaptation, and speciation. The duplicated genes (termed homeologs) are subject to a dynamic tension between mutational decay and fixation by selective forces, including natural and human selection (Force et al. 1999; Lynch and Conery 2000) . In this regard, alterations in mRNA levels derived from artificial selection of one of the two homeologs of each gene may contribute to the total phenotype and thus be thought of as genes ''recruited'' into a pathway or process subsequent to polyploid formation.
In a recent study (Hovav et al. 2008a) we used a novel high-resolution microarray methodology to demonstrate the dynamics of homeologous gene expression for 1500 gene pairs during development of the allotetraploid cotton fiber. We showed that it is common for homeologs to contribute unequally to the transcriptome during fiber development and that there exists an overall bias toward D-genome transcription. In this note we expand our previous study emphasizing evolution under domestication, in parallel, and across a developmental time course. By using the same SNP-specific microarray design as employed earlier (Hovav et al. 2008a) , we report on duplicate gene expression patterns accompanying the transition from wild to domesticated cotton in both G. hirsutum and G. barbadense. Our effort was to evaluate: (i) if domestication was accompanied by enhanced genome-specific bias toward either the A-or D-genome, (ii) if parallel domestication led to similar responses in the two species, and (iii) if polyploidy and domestication was accompanied by novel gene ''recruitment. '' Changes in duplicate gene expression during fiber development: A SNP-specific microarray platform was used to estimate homeolog expression ratios for 1484 gene pairs at three time points in wild and domesticated accessions of both G. hirsutum and G. barbadense ( Figure  1 ). Comparisons among time points and accessions permitted an analysis of significant changes [false discovery rate (FDR) , 0.05] in homeolog expression ratios. As shown, this analysis was conducted for both the several-thousand-year temporal transitions from wild to domesticated and the several-day temporal transitions corresponding to fiber developmental stages. Overall, the numbers of genes that changed homeolog expression ratios between forms and between developmental time points (within forms) were relatively low, with percentages ranging from 2.0 to 9.2 among comparisons (out of total genes detected). This result is consistent with our former study (Hovav et al. 2008a) , which showed that most bias in homeolog expression resulted from genome merger and polyploid formation as opposed to human domestication. Yet, as shown in Figure 1 , homeolog-expression ratios are not static, but are dynamic on both temporal scales explored. Notably, domestication generally appears to have resulted in a larger number of changes in expression ratios during development. In G. hirsutum, for example, the number of expression ratio changes in the first [5-10 days postanthesis (DPA)] and the second (10-20 DPA) developmental transitions were 36 and 16 for the wild accession, respectively, whereas the corresponding numbers for the domesticated form were twice as high, i.e., 78 and 32. Similarly, in G. barbadense, the number of expression ratio changes in the first and the second developmental transitions were 29 and 39 for K101, respectively, whereas the corresponding numbers for Pima S-7 were 3.5 and 1.6 times as large, respectively, i.e., 102 and 64. When examined from the standpoint of overall change from 5 to 20 DPA, 93 and 122 genes changed expression ratios in wild and domesticated G. hirsutum, respectively, whereas 98 and 168 genes, respectively, did so in wild and domesticated G. barbadense. With a x 2 -value ,0.05 for all of the above comparisons (H 0 :50%), these data indicate that in both species, thousands of years of human selection under domestication have altered the fiber transcriptome in such a manner that homeolog ratios are more dynamic overall and more unstable developmentally.
Interestingly, the foregoing conclusion does not appear to be random with respect to direction of homeolog bias. Instead, comparisons of wild and domesticated forms (solid arrows in Figure 1 ) in both G. hirsutum and G. barbadense show that there are more changes from Abiased to D-biased (green numbers) than the reverse (blue numbers), except for the single comparison at 20 DPA in G. barbadense. From the standpoint of morphology, this might be considered an unexpected result, given that A-genome species have relatively long, spinable fibers whereas D-genome species have shorter, tightly adherent seed trichomes. Hence one might postulate, a priori, that any increase in biased expression accompanying domestication would favor the A genome. Particularly relevant, in light of the D-genome preference demonstrated here, are results of numerous QTL studies, a recent meta-analysis of which demonstrates that a majority of QTL for important fiber traits are located on chromosomes derived from the D-genome parent ( Jiang et al. 1998; Rong et al. 2007) . Our data may thus comprise transcript-level evidence of this possibility of recruitment of D-genome homeologs following polyploid formation, manifested as novel or enhanced expression levels and thereby potentially contributing to superior commercial cotton, or by extension to natural processes, evolutionary innovation. This speculation awaits functional confirmation, but expression analyses may provide useful clues in this regard.
Parallel domestication generated different biased genes and biological processes: Relevant to the possibility of novel gene recruitment being facilitated by polyploidy, we partitioned the expression ratio changes into categories representing either increased A-homeolog or increased D-homeolog bias. Biological processes corresponding to these two categories, accompanying domestication of both G. hirsutum and G. barbadense and Figure 1 .-Changes in duplicate gene ratios during fiber development and between wild and cultivated cotton. Analyses were performed on fibers isolated from ovules from three stages of development [5, 10, and 20 days postanthesis (DPA)], representing early and mid elongation and the transition to secondary cell-wall synthesis. Three biological replicated blocks of four allotetraploid cotton accessions were included, corresponding to wild and modern domesticated versions of the two important cotton species. For G. hirsutum (top), we included the domesticated genetic standard stock TM1 (TM1) and the wild shrub from the coastal Yucatan Peninsula, G. hirsutum var. yucatanense (accession TX2094; YUC). For G. barbadense (bottom), we included the elite cultivar Pima S-7 (PIMA) and a primitive Bolivian form, G. barbadense accession K101 (K101). A SNP-specific microarray ) was used, including 11,350 probe sets designed to target individual homeologs (A or D). Messenger RNAs were isolated, amplified, and hybridized to the microarrays as described (Flagel et al. 2008; Hovav et al. 2008a; Hovav et al. 2008c ). In addition, RNAs derived from two diploid species, G. raimondii (D5) and G. arboreum (A2) were hybridized to the same microarray platform and used for diagnostic probes selection. Raw data values for each microarray were natural-log transformed, median centered, and scale normalized across all arrays prior to performing a mixed linear model (LM), as described (Hovav et al. 2008a) . The LM was used to find diagnostic, homeolog-specific probe sets by identifying those probe sets for which the expression level for a given A-genome probe was significantly greater (FDR # 0.05) than the corresponding D-genome probe when hybridized with A-genome RNA, and vice versa when hybridized with Dgenome RNA. Only probes that met these conditions for all three time points were considered as diagnostic and were used further. Of the 22,798 probes representing 2028 contigs, 5078 probes representing 1484 contigs were analyzed further. For each contig targeted by multiple probes, a Tukey biweight correction was calculated. The log (A-probe)-log (D-probe) expression values [log(A/D)] were calculated for each gene, representing the relative contribution of each homeolog to the allotetraploid transcriptome. To analyze gene bias changes between accessions or during development, a linear model that included accession, time point, and the interaction was used. The difference of the log(A/D) ratio between species or time points was calculated for each of 1484 gene pairs. The 1484 P-values from each comparison were converted to q-values using the method of Storey and Tibshirani (2003) . These q-values were used to identify the number of differentially biased genes for a given comparison when controlling the false discovery rate (FDR) at various levels. Shown in the figure are changes in homeolog ratios among developmental stages and between wild and cultivated forms. Solid arrows indicate the wild-to-domesticated transitions, whereas developmental transitions are denoted by dashed arrows. Significant changes in homeolog ratios are divided into those increasing toward A-genome bias (blue) and those increasing in D-genome bias (green). Data are partitioned into processes corresponding to genes biased toward either the A-genome or D-genome homeolog. Blast2GO (http:/ /www.blast2go.de/) was used to identify biochemical pathways involved in a given comparison and to calculate the statistical significance of each pathway. Blast2GO includes the Gossip package (Bluthgen et al. 2005) for statistical assessment of annotation differences between two sets of sequences, using Fisher's exact test for each GO term. P-values (P , 0.05) were used for the assessment of significant metabolic pathways. A complete list of genes is at (http:/ /www.eeob.iastate.edu/faculty/WendelJ/ranhovav.htm).
at three fiber developmental stages (5, 10, and 20 DPA), are shown in Table 1 . This tabulation shows that within each of the two species, different biological processes are represented by genes that increased A-or Dhomeolog expression following domestication.
A notable feature of the gene lists for G. hirsutum and G. barbadense is that the set of genes and processes are nonoverlapping for the two independent domestication events. Remarkably, not even a single gene was shared in the gene lists compiled for the two species at any time point. Recalling that allotetraploid cotton was domesticated twice at geographically isolated locations, each thousands of years ago (Wendel 1995) , our data suggest that this parallel selection and resulting morphology entailed human selection for different underlying biological processes. Phrased alternatively, human selection may have operated on different components of the fiber developmental genetic program in G. hirsutum and G. barbadense, leading to convergent rather than parallel genetic alterations and resulting morphology. This possibility is bolstered by ongoing studies in our laboratory using conventional (not homeolog-specific) microarrays, which reveal similar nonoverlapping sets of genes (our unpublished data). One caveat to these speculations is that because both of the wild forms used may not be fully representative of the progenitor lineage of modern, domesticated G. hirsutum and G. barbadense, respectively, differences in gene expression between the wild and domesticated forms may reflect factors in addition to domestication, such as infraspecific polymorphism and random, neutral change.
In contrast to the comparisons described above between wild and domesticated forms (vertical comparisons in Figure 1 ), many A-or D-biased genes were actually shared between forms and even between species during fiber development (horizontal comparisons in Figure 1 ). This is reflected in Figure 2 , which shows the numbers of genes that changed homeolog expression ratios between any two time points among the three stages of fiber development studied. As shown, many genes that changed expression ratios were shared between wild and domesticated forms in both G. hirsutum and G. barbadense (Figure 2A) , with 21.1 and 20.5% of shared genes between TM1/YUC and PIMA/K101, respectively, for the two species. In addition, many of the genes exhibiting homeolog expression ratio changes were shared across species as well ( Figure 2B) , with 21.3 and 16.9% for the domesticated (TM1/PIMA) and wild (YUC/K101) comparisons, respectively. Yet, the number of these changes that were shared between domestication events is much lower. Considering only the group of genes that changed bias in domesticated forms (blue dashed lines in Figure 2A ), 10.3% were shared between TM1 and PIMA ( Figure 2C, left) . A similar comparison for wild forms (green dashed lines in Figure  2A) shows an even lower level (2.4%) of shared genes ( Figure 2C, right) .
Genome-specific gene recruitment during cotton domestication: As discussed elsewhere and noted above, one advantage of human mediated selection in an allotetraploid crop species is the ability to utilize or recruit genes from two different progenitor genomes. To explore this possibility in our system, we inspected the nature and expression levels of genes that were highly differentially biased toward A or D genomes as a result of human domestication. Although genes expressed at very low levels can have profound phenotypic effects, it may be that for many processes of relevance, overall level of expression is important. Accordingly, we measured overall gene expression for genes of interest by using a set of seven generic (non-SNP-specific) probes that were also spotted on the microarray for each of the 1484 duplicated genes. The relationship between homeolog-specific expression ratios and overall gene expression (generic probes) is summarized in Figure 3 using only genes that changed in both bias and expression (FDR , 0.05) during G. hirsutum domestication at the three developmental stages. Genes that increased in degree of D bias and are upregulated overall (i.e., as a gene pair) in the domesticated accession may be considered to be ''Drecruited genes,'' while those exhibiting enhanced A bias under domestication while being upregulated may be considered A recruited. At least half of the significantly biased and differentially expressed genes were upregulated in domesticated G. hirsutum relative to the wild form at 5 and at 10 DPA (Figure 3, A and B) . The number of A-genome biased and D-genome biased genes is approximately equal. By 20 DPA ( Figure 3C ), most of the biased genes were actually downregulated in the domesticated form. Because there were fewer recruitments at the 20-DPA stage than at earlier stages, perhaps the total change in expression for this set of genes is less important than in the earlier fiber developmental stages.
To the extent that total overexpression for any given gene pair in the domesticated form is affected by a change in homeolog bias, candidates for genes recruited under domestication might possibly be inferred from this type of analysis. An example of the recruitment expression pattern of a number of fiber-related genes that exhibit homeolog bias during fiber development is presented in Figure 4 . Some of these genes show changes in total expression as well (Generic probes; Figure 4 , A-C). The actin, b-5-tubulin, and villin genes (the first is changed in G. hirsutum and the other two in G. barbadense), for example, are part of the microtubule and cytoskeleton formation system, a process important to plant cell elongation in general and cotton fiber elongation in particular (Whittaker and Triplett 1999; Taliercio and Boykin 2007; Xiang et al. 2007; Hovav et al. 2008c) . The b-d-galactosidase gene, important for primary cell-wall synthesis, has been described as predominantly expressed in fiber cells and tightly associated with fiber elongation (Zhao et al. 2001; Hovav et al. 2008c) . Another interesting group is the one containing ascorbate peroxidase and the heatshock protein Dnaj. These were previously shown to be stress-related genes, assisting in the regulation of reactive oxygen species levels and maintaining cell elongation under high redox-related conditions associated with fiber elongation (Hong-Bin et al. 2007; Hovav et al. 2008b) .
Concluding remarks: This study has used a high throughput SNP-specific technology for detecting changes in homeolog expression in domesticated and wild tetraploid cotton plants. We show that two independent cotton domestication events were characterized by different degrees of genome-specific bias. In both events, however, the D genome was preferentially expressed, Figure 3. -Gene recruitment during G. hirsutum domestication. In addition to homeolog-specific probes, the microarray platform contains ''generic'' probes targeting both homeologs. Thus, this microarray platform interrogates both homeologspecific and total (duplicate) gene expression. Significant differences in gene expression during domestication were determinate as previously described (Hovav et al. 2008a) . Shown are the relationships between homeolog-specific expression ratios, using only genes that changed both in bias (x-axis) and in total expression (y-axis) during domestication, using q-values of FDR , 0.05 as the threshold. A, B, and C are for 5, 10, and 20 DPA, respectively. Genes upregulated in the domesticated form (top) can be considered as candidates for D genome (left) or A genome (right) recruited during G. hirsutum domestication. The list of genes and their putative biological roles are shown in supplemental Table 1. and the changes in homeolog expression bias during fiber development were higher in the cultivated form. Examples for several genes related to fiber development are provided. Given that the total number of genes in the cotton genome may be 50,000 (Rabinowicz et al. 2005) , the 1484 gene pairs tested here include perhaps 5% of the total genic diversity. This suggests that for every 5 genes suggested as candidates for novel gene recruitment, another 95 exist that were not explored. Even though our platform permitted discrimination among homeologs for a relatively small proportion of the total genic content of the cotton genome, we used a large number designed as an unbiased, random sample. This study suggests that temporal partitioning of duplicate gene expression may, in aggregate, contribute significantly to processes important in fiber development and evolution under domestication. By extension, the data point to a hitherto underexplored dimension to the adaptive significance of polyploidy, namely, the coordination and regulation of newly combined transcriptional networks that lead to physiological and/or morphological innovation under human selection. -Biased homeolog expression patterns for fiber-related genes during fiber development (DPA, days postanthesis). Shown are differences in homeolog contributions to the transcriptome between domesticated (blue) and wild (green) forms, where positive and negative relative bias indicate preferential accumulation of A-genome and D-genome homeologs, respectively. A-F are for G. hirsutum, whereas G and H are for G. barbadense. A-C show genes that were upregulated as a duplicate gene pair in the domesticated form and also changed bias (cf. Figure 3) .
